Fish consumption is an important route of exposure to persistent organic pollutants (POPs) in dolphins as well as humans. In order to assess the potential risks associated with these contaminants, 39 whole fish and 37 fillets from fish representing species consumed by dolphins and humans captured from Charleston Harbor and tributaries, South Carolina, USA, were measured for a suite of POPs. Polychlorinated biphenyls (PCBs) were the predominant contaminant with concentrations ranging from 5.02 to 232.20 ng/g in whole fish and 5.42-131.95 ng/g in fillets (weight weight ww) followed by total organochlorine pesticides (OCPs) and polybrominated diphenyl ethers (PBDEs). Total POPs levels varied by location and species with general trends indicating significantly higher levels in fish from the Cooper (93.4 ng/g ww) and Ashley Rivers (56.2 ng/g ww) compared to Charleston Harbor (31.6 ng/g ww). Mullet and spot were found to have significantly higher PCBs, OCPs and total POPs, 2-3 times higher than red drum; mullet were also significantly higher in OCPs compared to seatrout. PCB concentrations in whole fish and fillets exceeded EPA human screening values for cancer risk in all fish sampled. For PCBs in fillets, all samples had values of maximum allowable meals per month that were less than the EPA, FDA guidelines for recommended fish meals per month, suggesting lower (more stringent) allowable fish meals per month. All fish exceeded PBDE wildlife values and all fish except two exceeded the level where 95% of the dolphin population would have tissue levels below the health effect threshold. Considering that POP concentrations in fish potentially consumed by humans exceed human health effect thresholds levels, consumption advisories should be considered as a prudent public health measure.
Introduction
Fish consumption is an important route of exposure for Persistent Organic Pollutants (POPs) to species high on the food chain such as dolphins and humans. Due to their persistence, bioaccumulation potential and toxicity, many POPs remain a concern for coastal environmental and human health (Loganathan and Kannan, 1994) . These toxic chemicals are relatively resistant to natural degradation in the environment and fish and other aquatic organisms accumulate these chemicals through the food chain. As a result, international regulation and mitigation actions have been put in place to regulate their usage (Stockholm Convention, 2014) . While global POP levels are declining slowly in marine fish populations, variation in pollutant concentrations remains high, indicating ongoing consumer risk of exposure to POPs via contaminated fish exceeding U.S. Environmental Protection Agency (USEPA) screening values . As such, monitoring fish tissue contamination allows detection of levels that may be harmful to consumers, thus informing actions and policies for protecting public health and the environment.
Many POPs are still present in the environment and consumption of contaminated food is the primary route of human exposure (Patandin et al., 1999) . Of all food sources, fish can accumulate some of the highest POP levels (Kannan et al., 1995; Haug et al., 2010; Schecter et al., 2010a Schecter et al., , 2010b ). Fish constitute a major source of protein and it has been suggested that a large segment of the world's population is exposed to POPs through seafood (Asplund et al., 1994; Schecter et al., 2010a Schecter et al., , 2010b . Fish are an increasingly important part of the human diet and fish consumption has increased by about 30% in the United States (U.S.) over the last several decades (Loke et al., 2012) . Seafood consumption in the U.S. had the largest increase in two decades, by nearly 1 pound per person in 2015, to an average of 15.5 pounds per year, or just over 4.75 ounces per week (http://www.st.nmfs.noaa.gov/ commercial-fisheries/fus/fus15/index). Recreational fishermen sometimes eat large quantities of fish from a few local sources. Even where state consumption advisories are in place, anglers are often unaware of these advisories or choose to ignore them (Beehler et al., 2001; Niederdeppe et al., 2015) . These anglers may be at greater risk from specific polluted areas and species of fish (Beehler et al., 2001; Toppe, 2016) . Fish contaminant data by species for specific rivers and tributaries are necessary to provide risk analysis for local populations of recreational anglers.
Epidemiological studies have shown high blood levels of several organic contaminants in human populations such as those in Greenland that depend on local traditional diets of fish, and sea mammals (Deutch et al., 2006) and in the Great Lakes region of the US. The New York State Angler Cohort study of fish consumption and blood levels of POPs support the premise that long-term dietary consumption of contaminated fish by recreational anglers, even at comparatively low concentrations in the fish contribute significantly to body burden of POPs (Bloom et al., 2005) . Human health effects are of concern with respect to the legacy POPs, such as PCBs and pesticides, and more contemporary chemicals like PBDEs (de Wit, 2002) . The health benefits of eating fish have been well documented especially with omega-3 fatty acids (Daviglus et al., 2002; Mozaffarian and Rimm, 2006) including a lower risk of cancer among a cohort of Lake Ontario fish-eaters (Callahan et al., 2016) . However, relatively fatty fish high in the food web also bioaccumulate contaminants and may pose a potential risk to human health. Thus, contaminant data on fish is an increasingly important element to inform public health decisions and potential health risks for local human and wildlife populations. One of the important factors that influence pollutant levels in fish is the variable distribution of pollutants in the environment as well as the biological and ecological characteristics of the fish. High variation in POP levels have been observed when examining fish depending upon where they were harvested. One such recent study found wide variation among yellowfin tuna on a global scale depending upon where they were captured (Nicklisch et al., 2017) .
Health assessment studies of bottlenose dolphins in Charleston, South Carolina, have documented POP concentrations above established thresholds for concern, thus warranting additional investigation in this area (Fair et al., 2010) . Some of the highest perfluorinated alkyl acids (PFAAs) and PBDEs found globally in marine mammals have been observed in dolphins from Charleston (Houde et al., 2005; Fair et al., 2010) . As a long-lived apex predator which often exhibits a high degree of site fidelity, the bottlenose dolphin is a useful sentinel species for monitoring the health of the environment and signaling emerging public health issues (Bossart, 2011) . Based on the high contaminant levels reported in Charleston dolphins, investigations have focused on their foodweb (Houde et al., 2006) . Evidence suggests that Gullah/ Geechee African American fishers, other recreational anglers and bottlenose dolphins in the Charleston Harbor area share similarities in the most common fish species consumed (Pate and McFee, 2012; Ellis, 2013; Perkinson et al., 2016) . Since the Gullah/Geechee African American population participate in local subsistence fishing they may be a potentially vulnerable and susceptible group to pollutant exposure from consumption of seafood. Therefore, it is important to monitor the levels of POPs in fish species from this region.
In order to assess the potential health risks associated with these contaminants several species of fish were collected from the estuarine waters of Charleston and analyzed for PCBs, OCPs and PBDEs. Here, we measured POP levels in fish species commonly consumed by bottlenose dolphins in the Charleston Harbor estuarine area and the Gullah/ Geechee anglers, focusing on fish species consumed by both. Our study objectives were to 1) investigate the levels and profiles of a suite of contaminants (PCBs, pesticides, PBDEs) in fish from the Charleston area; 2) evaluate fish size and geographic location related changes in contaminant levels and 3) assess the potential health-related risks of human and dolphin exposure through fish consumption.
Methods

Sample collection and preparation
Fish were collected at three sites in the Charleston Harbor (CH), Ashley River (AR) and Cooper River (CR) by the South Carolina Department of Natural Resources as part of their trammel net Inshore Fisheries monitoring program of estuarine fish (Arnott et al., 2010) or directed sampling. A total of 39 fish from the 3 sites (CH = 15; AR = 13; CR = 11) were collected for whole fish contaminants analysis and 37 fish (CH = 10; AR = 10; CR = 17) collected for fillet contaminant analysis during 2014 (Table 1) . The following five known dolphin prey fish species (Pate and McFee, 2012) were collected: Atlantic croaker (Micropogonias undulatus); red drum (Sciaenops ocellatus); spot (Leiostomus xanthurus), spotted seatrout (Cynoscion nebulosus) and striped mullet (Mugil cephalus). These same 5 fish are also commonly caught and consumed by the Gullah-Geechee African American community and other recreational anglers. We also included one additional fish species, southern flounder (Paralichthys lethostigma), for sampling based on fish consumption questionnaire data from the Gullah-Geechee community (Ellis, 2013) . Additional information collected included the total length and total weight of each fish and geographic coordinates. Each specimen was wrapped individually in heavy aluminum foil, placed in a polyethylene bag, sealed, and kept on ice for 3-6 h until frozen at −20°C for sample preparation and analysis. Analyses of chemical contaminants were performed on tissue homogenate prepared from individual whole fish representing fish consumed by dolphins. For assessment of human consumption, individual skin-on fillets were analyzed. A fillet included the flesh tissue and skin from head to tail beginning at the mid-dorsal line including the belly flap.
Table 1
Fish demographics across all sample and by whole fish or fillet. Categorical variables are reported as n (%) and continuous variables are reported as mean (SD). Fair et al. Environmental Research 167 (2018) 598-613 Filleting was conducted on cutting boards covered with heavy duty aluminum foil and changed between samples. Whole fish and fillet samples were ground using a Hobart Grinder (Elk Grove Village, IL). Before each specimen was processed, all equipment was thoroughly cleaned with detergent, rinsed in isopropanol and washed with distilled water.
Analysis of PCBs, PBDEs and pesticides in fish samples
Samples from whole fish and fillet were analyzed for PCBs, PBDEs and OCPs as listed in Table 1 . Total numbers of congeners were 121 for PCBs, 8 for PBDEs and 16 for OCPs (Table S1 ). Samples from individual fish (6-20 g ea) were used for the analysis of PCBs, PBDEs and OCPs. Methodological analysis details are provided in Supplemental Material 1. Analysis of PCBs, PBDEs and OCPs in fish samples was performed by GC-MS (GC7890 and MS5975 Agilent Technologies, Atlanta, GA) under electron ionization (EI) mode (Software: ChemStation).
Statistical analysis
Descriptive statistics were calculated for whole fish and fillet samples for biological variables (weight and length, Table S2 ) and for total PCBs, PBDEs, OCPs and total POP levels. The associations between contaminant load with fish length and percent lw of homogenized fish tissue for whole and fillet fish were evaluated using Pearson's or Spearman's rank correlation where appropriate.
Total contaminant load, capture location, and species
The associations between total PCB, PBDE, OCP, TIC, and Total POPs levels by fish wet weight (ww) or lipid weight (lw), by whole fish or fillet within geographic location (AR, CR, or CH), and by species were determined using a series of linear regression models. Comparisons of contaminant levels between geographic locations and between fish species were conducted using linear contrasts from the models. Contaminant levels were natural log transformed to meet model assumptions. Given the limited sample size, pairwise comparisons were considered for any model with an overall p < 0.20. Additionally, for pairwise comparisons we considered both the unadjusted p-value and the Tukey's HSD (honest significant difference) adjusted p-value. Due to the small sample size for each species within a geographic location, we did not consider models with additional covariates (e.g. fish length) or a location by species interaction. Thus, we did not conduct formal hypothesis testing to compare differences in contaminant loading for species within location or location by species. However, difference between species within location and differences between the same species across locations were examined graphically. Fish species examined in the current study were also grouped into feeding guilds based on feeding strategy and prey items to examine this factor in the accumulation of POPs.
Patterns in contaminant levels of all contaminants
We also developed heat maps of contaminant loading across the observed organic pollutants by ww or lw, and by whole fish or fillet, to identify possible patterns of contaminant loads by fish species and location. For all heat maps, contaminants were natural log transformed and then centered and scaled so that their relative magnitude would be similar. We used complete linkage clustering to generate the sample clusters for the heat maps.
Risk-based consumption advisory estimation
We used USEPA's modified approach for estimating maximum allowable meal per month of fish for each fish species by capture location based on the carcinogenic effects of total PCBs (Hites et. al, 2004; USEPA, 2000a) . This approach to estimate maximum allowable meals per month (CR mm ) is based on the maximum acceptable individual risk level (ARL), consumer body weight in kg (BW), the cancer slope factor (CSF), the average days per month (T ap ), meal size in kg (MS), and the concentration of the contaminant in the given fish sample (C m ). The EPA expression for estimating CR mm is:
For each fish sample we estimated the CR mm based on the observed levels of total PCBs in mg/kg ww. ARL was set at 10 -5 mg/kg ww, consumer BW at 70 kg, T ap at 30.44 d/mo, and MS at 0.227 kg (equivalent to 8 oz). The CSF for total PCBs was set at 2.0 based on the conservative upper-bound (mg/kg ww)/day described in (USEPA, 2000a) . The estimated CR mm for each sample was also qualitatively compared to the nutritional recommendation thresholds set by the Food and Drug Administration (FDA, 2018) and the USEPA joint fish consumption advice (USEPA, 2000a) which suggests consuming 340 g cooked fish per week and the American Heart Association recommendation to consume two 99 g servings of fish per week (AHA, 2016) . A conversion factor of 1.33 was used to convert the suggested mass of cooked fish per week to the corresponding mass of uncooked fish (Minnesota Department of Health, 2016) and monthly recommended intake was estimated assuming an average of 4.33 weeks per month. An important step toward understanding the persistence of POPs and their impacts on organisms is defining their interactions with the xenobiotic elimination systems. Congeners of organochlorine pesticides, PCBs and PBDEs were identified by Nicklisch et al. (2016) to inhibit P-glycoprotein (P-gp), which play a major role in the disposition of xenobiotics and cellular defense. As another indicator of risk, we also considered levels of Transporter Inhibiting Compounds (TICs), which include a subset of the POPs shown to interact P-gp which potentially reduces the ability to eliminate the contaminant from the body. Nicklisch et al. (2016) defined a set of 10 POPs that were inhibitory: DDT, DDD, DDE, BDE-47, BDE-100, PCB-146, PCB-170, PCB-187, dieldrin and endrin. Our study measured levels of 8 of these 10 compounds (dieldrin and endrin were not measured) thus, our TIC measure is the sum of the levels of the 8 observed compounds that we used to determine their environmental levels in our fish samples from Charleston.
Results
Data were collected from 39 whole fish and 37 fillets. Among whole fish, the number of fish from each capture location was similar with 15, 13 and 11 (38.5%, 33.3%, and 28.2%) of the samples coming from the Charleston Harbor, Ashley River, and Cooper River, respectively. Among fillets, 10 (27%) of the fish were captured in Charleston Harbor, 10 in the Ashley River, and 17 (46%) in the Cooper River. Both sample types were collected from croaker, mullet, red drum, spot and seatrout, whereas only fillets were collected from flounder. Fig. 1 shows the physical location of where each fish was captured by type (whole or fillet) and by species. Biological data of fish collected, including length and weight, are provided in Table S2 .
3.1. Association between total contaminant levels, % lipids and length Initially, we examined the associations between fish tissue contaminant levels (total PCBs, total PDBEs, total OCPs, and total POPs) and percent fish weight as lipids and fish length. Also, Fig. S1 is a plot of % lipid and length by ng/g ww and lw of total POPs in whole fish.
Whole fish, contaminants per ww
When fish length was examined for associations with contaminant levels (total PCBs, PBDEs, OCPs, and total POPs) only one significant association was found. Total OCPs (ng/g ww) were negatively correlated with fish length (r = -0.42, p = 0.008). Length is negatively correlated with % lipids (rho = -0.49, p = 0.002). Total PCBs, OCPs, and total POPs (ng/g ww) were positively correlated with fish lipid content (% lipids), with correlation coefficients ranging from 0.39 to 0.67 (p = 0.015, < 0.001, and 0.001 respectively). The strongest correlation with percent lipids was with total OCPs.
Whole fish, contaminants per lw
In whole fish samples, total PBDEs and total OCPs in ng/g lw were positively correlated with fish length (r = 0.33, p = 0.038; r = 0.35, p = 0.029, respectively).
Fillets, contaminants per ww
In fillets, percent lipids were also positively correlated with total PCBs, PBDEs, OCPs, and Total POPs in ng/g ww with correlations ranging between 0.42 and 0.54 (p = 0.002, 0.011, < 0.001, and < 0.001 respectively). The strongest correlation was between percent lipids and total POPs though the correlation between percent lipids and total OCPs was similar. Fillet contaminant concentrations were not compared to length as the concentrations represent only the muscle tissue and not as relevant biologically as whole fish contaminant loads.
Fillets, contaminants per lw
In fillets, percent lipids were also negatively correlated with total PCBs, PBDEs, OCPs, and total POPs in ng/g ww with correlations ranging between -0.39 and -0.45 (p = 0.018, 0.009, 0.005, and 0.010 respectively). The strongest correlation was between percent lipids and total OCPs though all of the estimated correlations between the other contaminants and percent lipids were similar.
3.2. Associations between total contaminant levels, capture location and species
Whole fish, contaminants per ww
The overall summary of POPs is listed in Table 2 ; by location and sample type in Fig. 2 and by species and sample type in Fig. 3 . There were differences in total PCBs, OCPs, total POPs, and TICs in ng/g ww by capture location in whole fish (ANOVA p = 0.019, 0.055, 0.014, and 0.006 respectively). In pair-wise comparisons, fish captured in the Cooper River locations had significantly higher levels of each of these contaminants and these differences remained significant even after adjusting for multiple comparisons. There were also significant differences in total PCBs, OCPs, total POPs, and TICs in ng/g ww by species in whole fish samples (ANOVA p = 0.049, < 0.001, 0.010, and 0.034 Fig. 1 . Capture location for all study samples by type (whole or fillet) and by species (Atlantic croaker, red drum, spot, spotted seatrout, striped mullet, southern flounder). The study included 17 individual capture site (6 Charleston Harbor, 7 Ashley River, and 4 Cooper River sites) and these sites included multiple fish captures. The capture location for fish caught at the same site was perturbed to allow all fish to be visible on the map and the actual geographic location for each capture site is marked by a black X. respectively). Mullet and spot had significantly higher levels of PCBs, OCPs, total POPs, and TICs relative to red drum. These differences in pollutant class levels remained significant between mullet and red drum for all comparisons and for OCPs and total POPs between spot and red drum after adjusting for multiple comparisons. Additionally, mullet and spot had higher levels of total OCPs relative to seatrout, even after adjusting for multiple comparisons. Boxes represent the 25th 50th and 75th percentiles for the observed distribution, the whiskers represent 1.5 x inner-quartile range (IQR), and points outside the whiskers represent any observed value that is less than or greater than 1.5 x IQR. The number of samples per group are shown below each box. Note, lines above the boxes indicate significant relationships; with **/** above the line represent the observed range for the unadjusted p-value/ Tukey HSD adjusted p-value where ** is p < 0.01, * is p < 0.05, + is p not significant (only used for adjusted p-values).
Fillets, contaminants per ww
Mean levels of all contaminant classes in fillets (ng/g ww), capture location, and species are provided in Table 2 . Total PCBs, PBDEs, total POPs, and TICs in ng/g ww differed by capture location in fillets (ANOVA p = 0.066, 0.122, 0.114, and 0.058 respectively) as shown in Table 2 and Fig. 2 . Similar to the findings in whole fish, fish captured in the Cooper River locations had significantly higher levels of PCBs, total POPs and TICs and these differences remained significant even after adjusting for multiple comparisons. Fish collected in the Ashley River had higher levels of PBDEs relative to fish captured in the harbor, though this difference was not significant after adjusting for multiple comparisons. There were also differences in total PCBs, PBDEs, OCPs, total POPs, and TICs in ng/g ww by species in fillet samples (ANOVA p = 163, 0.053, 0.009, 0.082, and 0.131 respectively). Mullet, spot, and flounder, all had significantly higher levels of PBDEs, OCPs, and total POPs relative to red drum. These differences remained significant between mullet or flounder and red drum for PBDEs and OCPs and for OCPs between spot and red drum after adjusting for multiple comparisons. Mullet and spot also had higher levels of total OCPs relative to seatrout, though this difference was not significant after adjusting for multiple comparisons. Spot also had significantly higher levels of OCPs relative to red drum and seatrout and higher levels of TICs relative to red drum, though these differences were not significant after adjusting for multiple comparisons.
Whole fish, contaminants per lw
Total PCBs and total POPs in ng/g lipid differed by capture location in whole fish (ANOVA p = 0.028 and 0.049 respectively; Table 3 ). Specifically, whole fish samples from the Charleston Harbor had significantly lower levels of PCBs and total POPs relative to samples captured in the Cooper River and significantly lower PCBs relative to fish from the Ashley River. There was also notable difference in total PBDEs and OCPs by species (ANOVA p = 0.069 and 0.159 respectively). Red drum had significantly higher levels of PBDEs than croaker, mullet and spot, though this difference remained statistically significant only for levels in red drum relative to mullet after adjusting for multiple comparisons. Additionally, red drum had significantly higher levels of OCPs relative to croaker and seatrout, though this difference was not significant after adjusting for multiple comparisons.
Fillets, contaminants per lw
Total PCBs, PBDEs, and total POPs in ng/g ww differed by capture location in fillets (ANOVA p = 0.089, 0.036, and 0.136 respectively; Table 3 ). Specifically, samples from the Charleston Harbor had significantly lower levels of PCBs, PBDEs, and total POPs relative to samples from the Ashley River. Samples from the Cooper River also had lower levels of PBDEs relative to samples from the Ashley River. Levels of total PCBs, PBDEs, OCPs, and total POPs also differed by species (ANOVA p = 0.073, 0.006, 0.031, and 0.031 respectively). Flounder had significantly higher levels of PCBs, PBDEs, OCPs, and total POPs relative to croaker, mullet, spot, and red drum. Differences between flounder and spot in PBDEs, OCPs, and total POPs and differences between flounder and red drum in PBDEs remained significant after adjusting for multiple comparisons. Seatrout also had higher levels of PBDEs, OCPs, and total POPs relative to spot and croaker, though this difference was not significant after adjusting for multiple comparisons. Mean levels of all contaminant classes in ng/g lw by fish type (whole or fillet), capture location, and species are provided in Table 2 .
Transport inhibiting compounds (TICs), ecological variables
Generally mean levels of TICs were higher in whole fish compared to fillets, however, fillets had greater ranges (6.37-277.6 ng/g) than whole fish (5.74-131.9 ng/g). There was a significant association between contaminant load in both whole fish and fillet and TICs for location (Table 2) . TIC levels in whole fish were significantly higher for Fig. 3 . Distribution of Total POPs in ng/g wet weight and ng/g lipid weight by species and sample type (whole fish vs. fillet). Boxes represent the 25th 50th and 75th percentiles for the observed distribution, the whiskers represent 1.5 x inner-quartile range (IQR), and points outside the whiskers represent any observed value that is less than or greater than 1.5 x IQR. The number of samples per group are shown below each box. Note, lines above the boxes indicate significant relationships; with **/** above the line represent the observed range for the unadjusted p-value/ Tukey HSD adjusted p-value where ** is p < 0.01, * is p < 0.05, + is p not significant (only used for adjusted p-values). mullet and spot. TIC levels in fillets were highest for spot, mullet and flounder. Cooper River fish had significantly higher mean TIC values than the other two locations, Ashley River and Charleston Harbor. Whole fish red drum had significantly lower levels of TICs when compared to all other species even after adjusted for multiple comparisons.
Fish species examined in the current study were grouped into feeding guilds based on feeding strategy and prey items (Table 4) . Species were grouped into herbivore, low predator and mid-predator, as well as habitat use. After adjusting for multiple comparisons, mullet (9.18% lipid) and spot (9.80% lipid) whole fish had significantly higher lipid concentrations than red drum (2.44% lipid, p = 0.007 and 0.005 respectively). Mullet and spot were found to have significantly higher PCBs, OCPs and total POPs than red drum and additionally, mullet were significantly higher in OCPs compared to seatrout.
Individual contaminants and congeners
Contaminant levels described above are based on a sum of the observed levels of different contaminants within each contaminant class. In order to identify possible patterns of contaminant loadings in the different samples, we used complete linkage clustering to cluster samples according to the levels of the individual contaminants for all total POPs, for PCBs only, for PBDEs only, and for OCPs only in each fish by ww and lw in fillets or whole fish. Only contaminants with detectable levels in at least 75% of samples were considered for clustering. Although, we considered all 4 contaminant groups, only the clustering of PCBs suggested patterns in the distribution of individual contaminants by sample location and species.
The heat map of PCBs in ng/g ww in whole fish (Fig. 4A) indicate that mullet and spot generally have the highest PCB load and red drum 
Table 4
Mean contaminant levels (ng/g wet weight) and percent lipids in whole fish for species grouped into feeding guilds based on feeding strategy and prey items. Smith et al. (1984) . Fair et al. Environmental Research 167 (2018) 598-613 have the lowest across all PCBs. Additionally, fish captured in the Cooper and Ashley Rivers have elevated levels of all PCBs relative to a majority of the other fish. However, red drum and more generally, most fish captured in the Charleston harbor had lower levels of all PCBs compared to the average. Fig S2A heat map show that mullet and spot in the Ashley and Cooper river sites generally have the highest PBDE for all but BDE183 and BDE209. Those fish with high levels of BDE183 (denoted by red color) are predominantly in the harbor and many of them are red drum. The heat map depicting PCBs by ww in fillets (Fig. 4B) shows a similar pattern to what was observed in whole fish with mullet having higher than average levels and fish caught in the Cooper River tending to have higher levels. However, the pattern is not as distinct as it is in the whole fish samples. The PBDE pattern in fillets (ng/g ww, Fig. S2B ) is similar to whole fish with mullet and spot generally have the highest PBDE load. The relative percentage of individual POPs for fish species by location and ww and lw are illustrated in Fig. 5 . PCB was the dominant contaminant in all species with concentrations ranging from 5.02 to 232.20 ng/g in whole fish and 5.42-131.95 ng/g in fillets on a ww basis. Generally, lw data had higher relative percentages of PCBs. The relative percent of PCB concentrations in whole fish (ww) ranged from 60% in croaker to 80% in seatrout. The second highest contaminant class, OCPs, comprised from 17% in seatrout to 37% in croaker; PBDE was the least dominant with less variation ranging from 2% to 3% for all species. (Table 2 ). In comparing individual contaminants between whole fish to fillet ww, whole fish consistently had higher total POP levels than fillets. Comparisons of total PCB levels between whole and fillet fish ranged from 1.3 times higher in whole croaker to 4.9 in whole seatrout; OCP levels ranged from 2.5 time higher in whole croaker to 5 times higher in whole mullet; PBDE levels ranged from 1.8 times higher in whole croaker to 5.4 times higher in whole red drum compared to fillets for these species. General trends show that fish collected from Charleston Harbor have lower percentages of PCBs compared to fish from the Cooper and Ashley Rivers.
Among 121 PCB congeners analyzed in this study, the major contributors in whole fish (ww) are: 8% for 90/101/89, 6% for 153% and 5% for 187/182, 118/106%, 180% and 4.5% for 99%, and 4.3% for 138/164/163. The top pesticides in whole fish were total DDTs (55%); followed by BHCs at 22%, CHLs at 20%, mirex at 2% and HCB at 1% (Table 5) . This pattern was different in fillets with 55% BHCs, 23% DDTs, 11% for CHL and also for mirex and 1% for HCB. In whole fish, mean percentage of total DDE was 72.8% while in fillets, mean percentage was 32.0%.
Mean PBDE concentration in whole fish was 1.15 ng/g ww (range 0.13-3.74) and in fillets 0.41 ng/g ww (range 0.02-1.17). Of the 8 measured PBDEs congeners in whole fish, BDE 47 accounted for 60% of the total PBDEs. Mean concentrations of other PBDE congeners in whole fish were as follows: BDE 100 > 99-209 > 154 > 153. The mean BDE 47 level was 4.2 times higher than next highest mean BDE level summarized in all species and locations. In fillets, BDE 47 comprised over 55% of the total PBDEs followed by BDE 100 > 99 > 153 > 154 > 209 > 28 > 154. The mean BDE 47 level was 4.6 times higher than next highest mean BDE level summarized across all species and locations. Total PBDE concentrations (ww) were not different for fish from any of the locations averaging 1.91 ng/g in whole fish and 0.74 in fillets (Table 2) . When whole fish were compared on a lw basis, significantly higher total PBDE levels were found in flounder compared to mullet and red drum. For fillets, red Fig. 4 . A. Heat map of PCBs wet weight ng/g in whole fish by fish species (Atlantic croaker, red drum, spot, spotted sea trout, striped mullet) and location (CH=Charleston Harbor, CR=Cooper River, AR=Ashley River). All PCB values were normalized to ensure all PCBs were on the same scale. Red indicates levels higher than the average across all fish, yellow indicates levels near the mean, and green indicates levels that are lower than average. The dendogram on the left side of the heat map show the clusters found using complete linkage clustering and Euclidean distance between points as the distance metric. Note, only contaminants with detectable levels in at least 75% of samples were considered for clustering. B. Heat map of PCBs wet weight ng/g in fillets by fish species (Atlantic croaker, red drum, spot, spotted sea trout, striped mullet, flounder) and location (CH=Charleston Harbor, CR=Cooper River, AR=Ashley River). All PCB values were normalized to ensure all PCBs were on the same scale. Red indicates levels higher than the average across all fish, yellow indicates levels near the mean, and green indicates levels that are lower than average. The dendogram on the left side of the heat map show the clusters found using complete linkage clustering and Euclidean distance between points as the distance metric. Note, only contaminants with detectable levels in at least 75% of samples were considered for clustering. drum had significantly higher PBDE levels than mullet on a lipid basis. For whole fish on a ww basis, seatrout and red drum has significantly lower total PBDEs than mullet and spot while in fillets only red drum were significantly lower than mullet and spot. There were also several differences in PBDE congener profiles among fish species and location. Examining locations, BDE 183 and 209 were higher in fish from Charleston Harbor and Ashley River, respectively. In whole fish, higher levels of BDE 28 occurred in mullet/spot than red drum and BDE 99 were higher in spot than red drum and seatrout. In fillets (ww) BDE 100 and BDE 153 were both higher in the Cooper River than Charleston Harbor. BDE 28 was higher in fillets from flounder and spot than red drum; BDE 47 was higher in spot than in red drum and seatrout; BDE 100 was higher in flounder and spot compared to red drum and mullet was higher than red drum. Fig. 5 . Relative % of POPs (yellow = OCP, green = PBDE, red = PCB) by wet weight and lipid weight and by fillet or whole fish for location and by fish species. The first panel is by location (CR = Cooper River, CH = Charleston Harbor, AR= Ashley River), wet or lipid weight (wet = wet weight, lip = lipid weight), and by whole fish or fillt (whl = whole fish, fil = fillet). The second and third panels are by Species (Croak = croaker, Mull = mullet, Drum = reddrum, Spot = spot, and Trout = sea trout) and wet or lipid weight. 
Evaluation of risk based consumption for humans and marine mammals
In order to better understand the implications of contaminant levels in fish captured in the estuaries of Charleston, SC, we estimated the maximum allowable meals per month based on PCB levels in whole fish and fillets using the EPA method and then compared these estimated values to the guidelines for the recommended minimum monthly fish consumption levels provided by the AHA (2016) ≥ 5 meals/mo) and the FDA (2018) (9 meals/mo and to the USEPA threshold for unrestricted fish consumption (> 16 meals/mo). The estimated maximum allowable meals per month based on PCB levels in whole fish for all fish species and capture locations ranged between 0.2 and 9 meals per month (Fig. 6A) . The average number of allowable meals per month across fish species was higher for the Charleston Harbor relative to both the Ashley and Cooper Rivers. The estimated maximum allowable meals per month based on PCB levels in fillets for all fish species and capture locations ranged between 0.4 and 8.6 meals per month (Fig. 6B) . Similar to what was observed in whole fish, the average number of allowable meals per month across fish species was higher for the Charleston Harbor relative to both the Ashley and Cooper Rivers. All estimated values of maximum meals per month for fillets exceeded the USEPA (2000a) and FDA (2018) guidelines for recommended fish meals per month, suggesting the consumption of fish meals per month should be decreased for fish from the Ashley and Cooper Rivers. Only 6 fillets out of 37 samples were above the AHA's (2016) recommended guideline of 5 meals per month. These 6 samples included 2 croakers, 1 red drum, 1 mullet from Charleston Harbor and 1 croaker and 1 red drum from Cooper River.
We also compared our data to EPA screening values for recreational fishers based on concentrations for non-cancer health endpoints and assumption that consumption over a lifetime of four 8-oz meals per month would not generate a chronic, systemic health risk (USEPA, 2000b) . All fish were below the EPA screening values for DDT (0.117 ppm), mirex (0.8 ppm), lindane (0.0307 ppm), HCB (0.025 ppm), although 3 out of 39 whole fish exceeded the CHL (0.114 ppm) value. When comparison to the PBDE fish tissue advisory level based on a non-cancer risk of 210 µg/kg ww (California EPA, 2011) , none of the fish, either as fillets or whole, in our study exceed the California human health value. In contrast, all fish exceeded the European Union (EU) Environmental Quality Standards (EQS) PBDE level of 0.0085 µg/kg (European Union, 2013). Due to the lack of PBDE screening guidelines for marine mammals, we compared our data to wildlife screening values for mink at 21 µg/kg ww (California EPA, 2011) and kestrel 8.7 µg/kg (Environment Canada, 2013) . Using these values as a proxy for dolphins, whole fish PBDE concentrations in 95% of our samples exceed the wildlife value for kestrels and 80% of the samples exceed the value for mink. Fig. 6 . a. Estimated maximum allowable meals per month based on PCB in ng/g wet weight in whole fish using the EPAs method (cite EPA document). Grey solid lines represent the recommended minimum monthly fish consumption levels provided by the American Heart Association (AHA) and the Food and Administration (FDA) and the US EPAs threshold for unrestricted fish consumption. Dashed lines represent the mean estimated maximum allowable meals across fish captures within a location. b. Estimated maximum allowable meals per month based on PCB in ng/g wet weight in fillets using the EPAs method (cite EPA document). Grey solid lines represent the recommended minimum monthly fish consumption levels provided by the American Heart Association (AHA) and the Food and Administration (FDA) and the US EPAs threshold for unrestricted fish consumption. Dashed lines represent the mean estimated maximum allowable meals across fish captures within a location. 
Discussion
Our study is the first study to report POP levels in fish from Charleston, SC and risks for humans and marine mammals from fish consumption. Even within a small geographic area, pollutants in fish varied significantly by location of capture and species. General trends in total POPs concentrations indicated significantly higher levels in fish from the Cooper (93.4 ng/g ww) and Ashley Rivers (56.2 ng/g ww) compared to fish from the Charleston Harbor (31.6 ng/g ww). In particular, fish from the Cooper River had significantly higher levels of all contaminants other than PBDEs which were highest in the Ashley River. This was observed in both whole fish and fillets. Intuitively, one might assume that the levels of pollutants in fish from a small geographic area would have less variation than studies with larger global scales and thus, few differences might occur. POP levels in yellowfin tuna sampled globally varied significantly among sites by more than 36-fold, highlighting that geographic difference is important to address with implications for assessment of health risks (Nicklisch et al., 2017) . However, a review of studies measuring POPs in a wide variety of marine fish consumed by humans found that while some contaminants varied spatially regional trends were less distinct and confounded by finer scale factors such as trophic level and habitat type . Thus, the ability to detect spatial differences in contaminant levels decreased as spatial scale increased. Geographic variation is an important factor when assessing health risks connected to fish consumption given the patchy distribution of contaminants in the aquatic environment. Studies investigating pollutant levels in fish have suggested that seafood captured from industrialized regions have higher levels (Ueno et al., 2003; Lu et al., 2017; Batt et al., 2017) . In the Charleston metropolitan area, there are numerous industrial sites along the Cooper and Ashley Rivers including two EPA Superfund sites for coal tar and heavy metals, (EPA. National Priorities List. United States Environmental Protection Agency https://www.epa.gov/superfund/superfundnational-priorities-list-npl accessed 2/18/18). Many of the legacy contaminants such as PCBs and DDTs were banned decades ago in the US and are now widely distributed in the environment. Emerging chemicals such as PBDEs are not regulated thus, it is difficult to determine sources. Higher POP concentrations are known to occur in urban areas which could be from industrial and chemical use and manufacturing, but also from waste water treatment plant discharges, a potential point source of PCB and PBDE contamination (Samara et al., 2006) . Highest concentrations of PBDEs in fish have been found in areas draining urbanized watersheds (Johnson and Olson, 2001 ). It is not surprising that higher concentrations of contaminants were found in the urbanized Cooper and Ashley Rivers. Also, PBDE levels were higher in Charleston dolphins that frequented the more urbanized/industrialized Cooper Subbasin compared to those in an adjacent estuary (Adams et al., 2014) . Limited published POPs data exist for fish species in the Charleston estuarine area and no risk assessment analysis has been performed. In modeling dolphin PCB accumulation, Hickie et al. (2013) found higher PCB concentrations in fish from the inner Charleston Harbor, Ashley River, and Cooper River compared with other estuaries to the north and south of Charleston. Generally, the concentrations of POPs found in fish in our study were comparable to values reported in other studies, with higher levels of PCBs in fish from the tributaries of Charleston Harbor, although values were not as high as levels found in some other regions of the world (Fairey et al., 1997; Kannan et al., 1995) .
Fish species -biological and ecological characteristics
Contaminant concentration varied by species as well. In whole fish, mullet and spot were found to have significantly higher levels of all contaminant classes (PCBs, OCPs and total POPs) than red drum and mullet were higher in OCPs than seatrout. In fillets on a ww basis, mullet, spot and flounder were significantly higher than red drum in PBDE, OCP, total POPs. When fillets were compared as lw, flounder had significantly higher PBDE, OCP, total POPs than spot. For PBDEs, higher levels were generally found in species with higher fat content such as mullet and spot. When whole fish were examined on a ww basis, this trend was present. However, lw comparisons indicated higher levels in red drum for whole fish and in seatrout in fillets. It should also be noted that due to the small sample size for each species within a geographic location, our data and therefore analysis/interpretation has some limitations as to whether the differences found are conclusive specifically to location or species or the combination of the two.
Fish length were positively associated with PBDE and OCP concentrations but not PCBs (lw). Previous studies have shown positive correlations between fish length and contaminant concentration (Fairey et al., 1997; Ikemoto et al., 2008; Blocksom et al., 2010) although these relationships are not consistent in all studies and for all POPs. No correlation was found between PCBs and length in five Baltic fish Environmental Research 167 (2018) 598-613 species, however, DDT was related to length in cod (Szlinder-Richert, 2009 ) while and in another study both PBDE and PCBs were positively correlated with fish length (Manchester-Neesvig et al., 2001) . The environment in which a fish spends the majority of its time can potentially affect POP accumulation as well as its trophic level. Often fish consumption advisories use species characteristics to characterize pollutant concentrations with expectations to find higher levels in fish based on trophic position and habitat type. Bioaccumulation, increasing pollutant levels with increasing trophic levels are determined not only on the food web but also the chemical and species examined and in marine fishes these patterns may not be as clear as terrestrial food webs . Feeding habitat also plays a role in the intake and accumulation of POPs. Since POPs are hydrophobic they absorb to sediments and thus, would be more available to benthic species than pelagic species. Mullet and spot were found to have significantly higher PCBs, OCPs and total POPs than red drum and additionally, mullet were significantly higher in OCPs compared to seatrout. Striped mullet was found to have the highest level of all contaminants measured. Striped mullet are detritivores and primarily feed on soft mud and other detritus (Cardona et al., 2015) and are also known to be significant forging fish for commercial fisheries as they are an important prey for upperlevel piscivores (Wenner et al., 1990) . As such, they are in close proximity to sediments and accumulate greater amounts of POPs. Species with higher lipid amounts also tend to have higher contaminants as observed in the present study with mullet and spot having the highest mean lipid percentage of all species, 9.1% and 9.8%, respectively. Since PCBs are lipophilic they tend to accumulate in fatty tissues and organs (USEPA, 2009). A more mid-level species, red drum, with only 2.4% lipid had significantly lower levels of these contaminants compared to mullet. Similar to our study, Blocksom et al. (2010) found that OCPs and PBDE concentrations were also positively related to fish with higher lipid composition. When fish were grouped into feeding guilds based on feeding strategy, the herbivore fish, mullet, had significantly higher levels of OCPs compared to both mid-level (red drum, sea trout) and low-level predators (croaker, spot) (Table 4) . PCBs were detected in all the fish samples collected from the 500 sampling sites in one of the largest fish contaminant monitoring efforts in the U.S., The National Lake Fish Tissue Study (USEPA, 2009). Concentrations in bottom dwellers were generally higher in PCB and other POPs than levels detected in predators similar to findings in our study, although they measured only fillets for predators and whole bodies for bottom dwellers. Many biological and ecological variables can influence POP concentrations and bioaccumulation (Borga et al., 2004) and fish movement patterns and residence time in contaminated areas are important determinants of tissue contaminant levels. Tagging and acoustic tracking studies have shown some differences in movement patterns between the species we studied (Wenner et al., 1990; Craig et al., 2015; SCDNR Inshore Fisheries Section, unpublished data) . Spotted seatrout and sexually immature red drum (TL <~800 mm) typically remain within localized estuarine areas (< 1-2 km) yearround (Wenner et al., 1990) . By contrast, striped mullet and southern flounder can migrate hundreds of kms. However, in the case of southern flounder, migrations are generally associated with winter spawning activity in large, sexually mature individuals (for females >~400 mm; Midway and Scharf, 2012; Craig et al., 2015) . Immature fish are thought to reside in the same estuary until they mature, and during summer months southern flounder of all sizes often stay within very restricted areas (several kms), exposing them at the same time to localized contaminants. Spot and Atlantic croaker are seasonal inhabitants of SC estuaries, moving to into offshore waters during winter months.
Risk assessment -human and wildlife health
Humans represent one of the top receptors for aquatic contaminants and public health concerns relate to consumption of fish with high levels of contaminants. In our study the toxicity hazard is dominated by PCBs. PCBs, chemicals manufactured and utilized extensively by industry, were banned in the U.S. in 1979 because of evidence that they accumulate in the environment and can pose human health risks (ATSDR, 2000) . While PCB concentrations were lower in fillets than whole fish, more favorable for human consumption, but overall fillets had high levels of POPs. More so, the higher PCB levels in whole fish is disturbing for wildlife, such as dolphins, since they are piscivorous species and these fish represent their primary food. An individually-based (IB) model to predict PCB concentration in dolphins was developed by Hickie et al. (2013) for the Charleston dolphin population. The bioaccumulation model estimated that dietary PCB concentrations not exceed 5 ng/g to reach a condition where 95% of the population would have tissue levels below the health effect threshold. In the current study, all whole fish except for two, a mullet and seatrout from Charleston Harbor, exceeded the 5 ng/g threshold PCB levels. The highest PCB levels in whole fish were 33 times higher than the 5.1 ng/g recommended level. Therefore, the current concentrations of POPs in fish in the Charleston area continue to put the wild dolphin population at risk.
The risks of exposure to POP pollutants are a combination of the toxicity of the contaminant, the concentration in fish tissues and consumption rates. We estimated the maximum allowable meals per month for each sample based on the USEPA approach and compared these estimated maximum allowable meals to the USEPA threshold for unrestricted fish consumption, the AHA (2016) and FDA (2018) guidelines for minimum monthly fish consumption. Although the estimated number of allowable meals per month was higher in Charleston Harbor compared to the two rivers, the maximum allowable meals per month based on PCB levels in fillets for all fish species and capture locations ranged between 0.4 and 8.6 meals per month. Most importantly, all estimated values of maximum allowable meals per month for fillets were less than the EPA and FDA (2018) guidelines for recommended fish meals per month. This suggests that recommendations should be made for advisories for lower (more stringent) allowable fish meals per month. Only 6 fillets out of 37 samples were above the AHA (2016) recommended guideline of 5 meals per month. All estimated values of maximum meals per month for whole fish were less than the EPA guidelines and all but one sample were below all three thresholds, suggesting that more stringent fish consumption guidelines (lower number of maximum meals per month) should be recommended.
The EPA methods used were developed to control health risks by providing risk-based consumption advice regarding contaminated fish and these were based on estimates of potential cancer risks. Other methods may provide consumption advice based on non-cancer endpoints such as immune/endocrine and neurobehavior. Recommendations based on these can occur at lower levels than those used in cancer effects, however, quantitative risk and threshold levels are not yet established (Carpenter et al., 2002) . The above recommendations for fish in our study was based on PCBs which was the predominant contaminant, however, many other contaminants can be present in these fish, some which we measured with available screening values. It should also be noted that other contaminants with potential harmful effects such as mercury were not analyzed in this study. Besides PCBs, screening values for several other contaminants for recreational fishers based on concentrations for non-cancer health endpoints (USEPA, 2000a) . Applying these to our data, all fish were below the EPA screening values for DDT, mirex, lindane and HCB, although 3 out of 39 whole fish exceeded the CHL value. The EPA values are more conservative than the FDA (2018) action levels since they consider health risks of local consumers and vulnerable populations (i.e., recreational, tribal, subsistence) that may consume larger quantities of fish than the general population. Fish consumption advisories recommending that at-risk groups limit consumption of fish have been issued by U.S. federal and state agencies that are concerned about exposure to toxicants in fish, such as mercury and PCBs (USEPA, 2009).
The fish PCB concentrations reported in this study are comparable to levels found in fish from other regions in the US such as the coast of Georgia (Sajwan et al., 2008) and mid-continental rivers (Blocksom et al., 2010) . Typically, the most abundant PCB congeners are hexa-138 and 153 and penta-PCBs 101 and 118 which is in accordance with findings in our study (Szlinder-Richert et al., 2009 ). PCB 153 is highly persistent and is not metabolized, as such it bioaccumulates in animal and human tissue (Eisler and Belisle, 1996) . Also, two congeners CB138 and CB153 (coeluting isomers) accounted for 44% of total blubber PCBs in Charleston dolphins (Fair et al., 2010) . Generally, the levels of PBDE in fish from Charleston SC are among the reported low average range of values (Staskal et al., 2008; Quinete et al., 2011) compared to the more highly exposed fish like salmonids from Lake Michigan (Manchester-Neesvig et al., 2001) . Total PBDE concentrations in whole fish and fillets did not differ between location of fish or species. Further, the lack of differences in species specific differences in PBDE congener profiles detected in fish in our study reflect an average contamination profiles which nonpoint sources are likely to be the main contributors. It is common to find non-specific sources related to PBDE levels (Dodder et al., 2002) although specific sources may be evident in some areas (Mariussen et al., 2008) . As found in other studies, BDE 47, the tetrabromo diphenyl ether, had the highest concentrations in whole fish and fillets with levels 4-folds higher than the next highest congener. Since BDE-47 biomagnifies more readily than the more halogenated congeners, it is generally found at high concentrations in fish tissues as confirmed by other studies (Hale et al., 2001; Covaci et al., 2005) . PBDE 47 was the dominant congener followed by 99 and 100, similar to findings reported for other U.S. systems (Brown et al., 2006; Batt et al., 2017) . PBDEs are used as flame retardants in plastics, textile coatings, and polyurethane foams. Like PCBs, they are hydrophobic and lipophilic, tend to bioaccumulate in tissue, and biomagnify in the food web (Darnerud et al., 2001 ). PBDEs represent a potential environmental threat since they are not regulated in the U.S. and adverse health effects have reported developmental, neurological and endocrine effects (Darnerud et al., 2001; de Wit, 2002) .
While several guidelines are available to assess the hazardous risk to human health from many contaminants, less data exists for PBDEs and limited reference doses (RfDs) are available for PBDE congeners. California EPA published a fish tissue advisory level based on noncancer risk of 210 µg/kg ww (California EPA, 2011) . None of the fish, either as fillets or whole, in our study exceed the California human health value. A more conservative standard for PBDEs developed by the European Union (EU) Environmental Quality Standards (EQS) is 0.0085 µg/kg (European Union, 2013) . Using the EU EQS, all of our fish exceed this value. Similarly, in a study by Lu et al. (2017) fish samples (mean value of 9.35 µg/kg; range 2.30-24.47 µg/kg) from the River Thames, UK, were several orders of magnitude higher than the EU EQS. When Eljarrata and Barceló (2017) compared published data on PBDEs in fish around the world, PBDE levels clearly exceeded the established EQS, with 25% of fish samples exceeding up to ten thousand times. They concluded that while levels of pollution by PBDEs will decrease over the next years due to the ban in their use, however, is not expected that this decrease will reach the EQS values by the end of 2021 and new strategies are needed to minimize impacts. While there are no PBDE guidelines for marine mammals, available wildlife screening values exist for mink at 21 µg/kg ww (California EPA, 2011) and kestrel 8.7 µg/kg (Environment Canada, 2013) . Using these values as a proxy for dolphins, whole fish PBDE concentrations in 95% of our samples exceed the wildlife value for kestrels and 80% of the samples exceed the value for mink.
As another indicator of risk, results from the TIC values, calculated using specific POPs shown to be inhibitors of transported proteins, reinforce the important role of geographic location in the overall pollutant levels in fish. The close relationship between TICs and location demonstrated the Cooper River as the area with the highest TIC values, twice that of the Ashley River and three times that of Charleston Harbor. TIC levels in whole fish were significantly higher for mullet and spot. TIC levels in fillets were highest for spot, mullet and flounder. These species are frequently consumed by recreational anglers, especially the Gullah-Geechee fishers. Chronic POP exposures could potentially affect the cell protective mechanisms by altering P-gp drug transporter molecules, an important cellular defense in humans (Gottesman et al., 2002) . Results from Nicklisch et al. (2016) reported that P-gp binds some POPs but are relatively ineffective against their bioaccumulation. In our study the environmental levels of TICs in fish from different sites provided insight as to how these levels varied both spatially and within species. Similar to Nicklisch et al. (2017) the most contaminated fish in our study also had higher TIC levels. TICs is one method that reflects real world pollutant mixtures since some POP congeners could inhibit important cell defense proteins, thus, enhancing the accumulation of chemicals that would otherwise be eliminated. Therefore, high levels of TICs might enhance the accumulation of these chemicals.
Balancing the health benefits and risks of eating fish rely on information regarding the specific fish and shellfish species consumed and the frequency and amount of consumption (Domingo, 2016) . The health benefits of eating fish have been well described having highquality protein, low in saturated fats with other nutrients such as vitamin D, selenium, and iodine and particularly the primary dietary source of n-3 fatty acids (Harper et al., 2001; Oken et al., 2012) . These beneficial effects have supported recommendations from organizations as the AHA to eat fish twice weekly. However, studies over the last several years have shown that the environmental contaminants in fish and shellfish can also indicate a risk for the health of some consumers. The high variability in contaminant concentration even within the same species makes it difficult to predict contaminant levels in a species. Oken et al. (2012) emphasizes that there is a relative lack of information toward integrating the health, ecological, and economic impacts of different fish choices and the challenges of providing clear and simple guidance. Certainly, in order to balance the health benefits and risks of regular fish consumption information on pollutants in local fish is paramount.
Some measures can be taken to lower exposures. The fillet samples in this study included skin and removal of skin and trimming fat is recommended to decrease levels and to broil, bake or poach rather than fry (SCDHEC, 2018) . Generally, high concentrations of POPs occur near urban areas in near coastal environments, and fish in less urbanized more open ocean should have lower POP levels. The species of fish should be considered and selecting fish with lower amounts of lipid generally will have lower POP levels. Currently, there is no South Carolina fish consumption advisories issued for any of the fish in our study in estuarine or marine waters for either PCB or Hg (SCDHEC, 2018) . Our study suggests that specific advisories may be warranted for women and children and restrictions for species in specific bodies of water. To provide for a more accurate assessment of risks, it is necessary to establish specific fish consumption for the local population and effective risk management. The residents of the Charleston Harbor area and Sea Islands include populations that depend extensively on fishing for their livelihood as well as their primary protein source. Epidemiology and seafood contamination studies are urgently needed to be completed to assess the health impacts of exposure to POPs along this coast. In particular, an assessment of exposure to Chemicals of Emerging Concern (CECs) should be performed in regard to establishing associated trends and potential health risks. Diet and seafood in particular, are major sources of PFASs and PBDEs, two emerging CECs that act as endocrine disruptors and immune-modulators (Falandysz et al., 2006; Haug et al., 2010; Holzer et al., 2011) . Subsistence fisherman and those who consume seafood have higher body burdens of these contaminants (Haug et al., 2010; Holzer et al., 2011; Bloom et al., 2009; Kamen et al., 2012) . The African American Gullah population of Coastal Carolina have elevated levels of PFASs and PBDEs, which has been associated with markers of autoimmunity (Miller et al., 2012) . Similar to other African American communities, Gullah women are disproportionately affected by systemic lupus erythematosus (Lim et al., 2014) . With local seafood consumption being a dietary staple, potential pollutant contamination of the seafood is of high concern to the health of the Gullah community (Spruill et al., 2013; Kamen et al., 2012) . In parallel, common bottlenose dolphins (Tursiops truncatus) resident to coastal estuarine areas of Charleston with high site fidelity are among marine mammals with the highest levels of PBDEs and PFASs and associated immune and other detrimental health effects, highlighting the hazardous nature of these chemicals (Fair et al., 2007 Houde et al., 2005) . Although we know dolphins' resident to Charleston accumulate extremely high levels of these chemicals we know little about exposures in humans living adjacent to these areas, and particularly those consuming local seafood, and in the context of alterations being brought about increased POPs bioavailability. We suspect that elevated contaminant levels in coastal seafood will give rise to increased contaminant burdens in humans who consume coastal seafood. Studies are needed to examine body burden of these POPs in humans and the fish species consumed (exposure science), integrating biomarkers of exposure and health effects (effects), and modeling exposure routes via fish consumption (risk assessment).
Conclusion
Our study found POP concentrations in fish potentially consumed by humans and wildlife (dolphins) exceed human health and wildlife values. While the risk/benefit assessment is complicated, consumption of several species of fish including in the Charleston Harbor and its tributaries may pose risks as several contaminants were identified as potential chemicals of concern. The PCB concentrations in whole fish and fillets exceeded human screening values for cancer risk in all fish sampled. Thus, there is a need to conduct more studies on fish in areas that are fished by recreational and subsistence consumers, screeninglevel risk assessments with further studies on contaminant sources and mitigation measures for a cleaner environment. In the meantime, consumption advisories should be considered as a prudent public health measure.
